Transcription of the parsley pr2 gene, encoding pathogenesis-related protein 2 (PR2), is rapidly stimulated by fungal or bacterial elicitors. Previous work has revealed a 125-bp region within the pr2 promoter; this region encompasses ali important cis-regulatory elements required for fungal elicitor-mediated expression. We now report the identification of a functionally relevant ll-bp DNA motif (CTAATTGTTTA) contained within this region; it specifically binds to factors present in both parsley and Arabidopsis nucrear protein extracts. From both plant species, full-length cDNA clones were isolated that encode proteins with high affinity for this DNA motif. The proteins from both species contain stretches of 61 amino acids that are characteristic of homeodomain (HD) proteins. Binding studies and use of a polyclonal antiserum raised against a fusion polypeptide of glutathione S-transferase with the HD portion of the parsley protein indicated that the l l -b p DNA motif is a potential in vivo target site and that the HD protein is contained within the observed complex formed between the DNA motif and nuclear protein extracts. Transient expression studies using the authentic and a mutated target site suggested a functional role of the HD-DNA interaction in the regulation of the pr2 gene expression.
INTRODUCTION
Plant resistance to microbial pathogens comprises a multicomponent defense response that is being extensively investigated at the molecular level. Based on several studies employing different pathosystems, it has become evident that transcriptional activation of specific defense-related genes is avital and major part of this response (Dixon and Harrison, 1990; Ebel and Scheel, 1992) . Coordinate, transcriptionally regulated expression of genes encoding numerous enzymes in diverse but interlinked biosynthetic pathways is one means by which plants redirect and alter the flow of metabolites required to sustain pathogen attack. ldentification of such genes, and particularly of regulatory genes governing their expression, is of utmost importance both for our understanding of the fundamental processes involved in regulation and for the development of strategies aimed at improving multigenic defense in crop breeding programs. A large set of defense-related genes have been identified, cloned, and characterized from several plant species (Collinge and Slusarenko, 1987; Hahlbrock and Scheel, 1987; Somssich et al., 1989; Bowles, 1990; Dixon and Harrison, 1990) . Many of these genes appear evolutionarily conserved within the plant kingdom and are also subject to tissue-specific and developmental control mechanisms (Lamb et al., 1989; Cutt and Klessig, 1992; Trezzini et al., 1993) .
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In a limited number of cases, cis-acting elements within defense-related gene promoters have been identified (Lois et al., 1989; van de Locht et al., 1990; Meier et al., 1991; Loake et al., 1992) . Further elucidation of the mechanisms underlying transcriptional regulation requires isolation of trans-acting proteins that bind to these elements and thus modulate gene expression either directly or in combination with other proteins. To date, very little is known about such regulatory factors. Previously, we identified a 125-bp region (position -168 to -43) within the promoter of the single-copy, pathogenesis-related (PR) protein 2-encoding genepr2 from parsley, which was both necessary and sufficient to confer fungal elicitor responsiveness on a reporter gene (van de Locht et al., 1990) . The results suggested that thispr2 promoter region contains two or more distinct DNA elements, each contributing to the full elicitormediated response. The pr2 gene encodes a small, acidic protein belonging to a ubiquitous group of intracellular defenserelated proteins present in both monocotyledonous and dicotyledonous plant species (Matton and Brisson, 1989; van de Locht et al., 1990; Walter et al., 1990; Warner et al., 1992) . In parsley, transcriptional activation of the pr2 gene occurs very rapidly upon treatment with fungal or bacterial elicitor, suggesting an important role of its product in early plant defense (Somssich et al., 1986; van de Locht et al., 1990) .
In this paper, we report the identification of an l l -b p DNA motif (positions -111 to -101) that is bound by protein factors from parsley and Arabidopsis nuclear extracts in a sequencespecific manner. We describe cDNA clones from both plant species encoding homeodomain (HD) proteins that display similar, sequence-specific binding to this motif, and we present supportive evidence that a defined c/s-acting DNA element very likely represents the cognate in vivo target site of an HD protein.
RESULTS

Identification of a Specific Protein Binding Site in the pr2 Promoter
To identify a distinct region(s) within the fungal elicitorresponsive 125-bp promoter fragment that may interact specifically with nuclear proteins, we divided the fragment into five overlapping oligonucleotides (oligomers I, ll c , III, IV, and V), as shown in Figure 1A . An equimolar mixture of all five double-stranded oligomers was used as probe in an initial series of gel retardation assays with nuclear proteins from parsley cells treated for 1.5 hr with elicitor. One retarded complex was detected ( Figure 1B , lane 2) that could be largely competed away by a 50-fold molar excess of oligomer ll c and, to a lesser extent, by the same amount of oligomer IV, but not by the other three oligomers ( Figure 1B, lanes 3 to 7) . Using the five oligomers individually as probes, a strong binding activity was detected with oligomer ll c ( Figure 1B, lane 8) and a weaker one with oligomer IV ( Figure 1B, lane 14) , both forming complexes of the same mobility, as observed with a mixture of the five oligomers. Both complexes exhibited the same competition behavior ( Figure 1B , lanes 9 to 13 and 15 to 19), whereas no complex formation was observed with oligomers I, III, and V (data not shown). These results demonstrated that sequencespecific binding of nuclear factors is associated with a nucleotide sequence residing within oligomer ll c , and that part, but not all, of the binding site is located on the overlapping oligomer IV. (van de Locht et al., 1990) are indicated by vertical arrowheads. The transcriptional start site (+1) is marked with an arrow, and the positions of the putative CCAAT and TATA boxes are indicated. Note that oligomer ll c represents the complete fragment, including the putative CCAAT box. (B) Gel retardation assays with nuclear protein extracts from cultured parsley cells treated for 1.5 hr with fungal elicitor. In lanes 2 to 7, an equimolar mixture of all five radiolabeled oligonucleotides was used as probe, and competition was performed with the individual oligonucleotides as indicated. Lanes 8 to 19 contain single radiolabeled probes used in competition experiments. Lanes 1 and 20 contain the indicated probes in the absence of nuclear extracts. Oligonucleotides used as competitors (comp.) were added in a 50-fold excess over the probe. (A) Upper-strand nucleotide sequences of oligomer II and of the three mutated versions 11.1, II.2, and 11.3. Altered nucleotide positions are boxed. Positions of the 5' deletion end point (arrowhead) and the 3' end of oligonucleotide IV (arrow) are indicated above the sequences. The sequence determined to be the maximal binding site is given below. (B) Gel retardation assays using the individual oligonucleotides shown in (A) as probes and nuclear protein extracts from elicited parsley cells. Competitor oligonucleotides (comp.) were added at a 50-fold excess over the probe. (C) Gel retardation assays identical to those shown in (B) (lanes 1 to 5), except that nuclear protein extracts were derived from elicitor-treated Arabidopsis cells.
Oligomer ll c contained the putative CCAAT box of the pr2 promoter. To exclude the possibility that part of the observed binding activity was associated with this sequence, an oligonucleotide shortened by 12 bases and designated oligomer II was synthesized, as shown in Figure 2A . No difference in binding activity was observed in comparison to the original oligomer ll c (data not shown). However, to avoid any unspecific effects, oligomer II was used in all subsequent experiments. To more precisely define the position of the binding site, three mutated versions of oligomer II were designed (oligomers 11.1 to II.3), each with a 5-bp exchange as outlined in Figure 2A . The complex formed with oligomer II in gel retardation assays could be fully competed away by a 50-fold molar excess of oligomer 11.1 or 11.3, similar to competition by oligomer II ( Figure 2B , lanes 2,3, and 5), but not with oligomer II.2 or the sequence-unrelated oligomer I ( Figure 2B , lanes 4 and 6). Use of oligomers 11.1 and II.3 as probes in analogous experiments resulted in the formation of complexes that were identical to the one formed by oligomer II (Figure 26 , lanes 7 and 13) and could be competed away by the respective oligomer as well as oligomer II (Figure 26, lanes 8, 9, 14, and 15) . In contrast, oligomer II.2 failed to form any detectable complex (Figure 26, lanes 10, 11, and 12) . These results demonstrated that the 5-bp exchange in oligomer II.2 destroyed the binding site for a nuclear protein, or proteins, whereas the block mutations in oligomers 11.1 and II.3 lie outside the borders of the relevant sequence. The 11-bp motif, from positions -111 to -101 ( Figure 2A) , therefore represents the maximal size of the binding site recognized by specific factors contained in the parsley nuclear extracts. This is in accord with earlier studies showing that deletion of pr2 promoter sequences from -168 to -108 (see arrowheads in Figures 1A and 2A ) drastically reduced both basal and elicitor-responsive expression of a reporter gene in transient assays (van de Locht et al., 1990) and that oligomer IV does not contain the entire binding site (arrow in Figure 2A ).
To see whether a similar binding activity is present in the model plant Arabidopsis as well, we performed gel retardation experiments using oligomer II and nuclear extracts from an Arabidopsis cell suspension culture and obtained a single complex of similar mobility as observed with parsley extracts ( Figure 2C , lane 1). Furthermore, competition experiments using oligomers II and 11. 1 to 11. 3 ( Figure 2C , lanes 2 to 5) demonstrated that the Arabidopsis protein factor(s) exhibits a similar DNA binding specificity as observed in parsley. In both cases, no difference in binding intensity to oligomer II was observed between nuclear extracts from elicitor-treated versus untreated cells (data not shown).
Sequence-Specific DNA Binding Proteins from Parsley and Arabidopsis
Based on these results, we attempted to isolate protein factors that bind in a sequence-specific fashion to oligomer II. Poly(A)+ RNA from elicitor-treated parsley and Arabidopsis cells was used to construct cDNA expression libraries. Some 600,000 recombinant h phages from each unamplified library were screened with concatemers of oligomer II, resulting in the plaque purification of 12 (parsley) and 21 (Arabidopsis) positive clones. Binding specificity of the proteins produced by the individual recombinant phage clones was checked by filter binding assays using wild-type oligomer II, the mutated oligomer 11.2, oligomer 111, and oligomer IV as probes (data not shown). One parsley and 13 Arabidopsis clones showed clear-cut sequence-specific binding to oligomers II and IV. Importantly, no binding was observed with oligomer 11. 2 and with the sequence-unrelated oligomer 111. Scott et a\., 1989) . Based on their relationship to HD proteins, the clones were designated PRHP and PRHA (pathogenesis-related homeodomain proteins from parsley or Arabidopsis). As with all previously identified non-yeast homeodomains, both regions are highly basic (pl 3 12) and contain the four invariant amino acids WF-N-R at positions 48, 49, 51, and 53 (asterisks in Figures 3A and 38) .
Parsley and Arabidopsis DNA Binding Proteins Contain Homeodomains
As shown in Figure 4A , the HD of PRHP shows relatively high sequence similarities (53% identity) with the deduced HAT3.1 Arabidbpsis HD region (Schindler ei al., 1993) and with Zmhoxla (49% identity) from maize (Bellman and Werr, 1992) . Otherwise, its similarity with various HD proteins from both animals and plants ranges between 20 and 30°/o, with conservation always predominating in the C-terminal half that contains helix 2 and the recognition helix 3 ( Figure 4A ). Conservation conspicuously includes 11 of the 17 most invariable amino acids found in eukaryotic HD regions. Beyond this, however, the HD region of PRHA shows no pronounced sequence similarity with other Arabidopsis HD proteins deduced from recently isolated cDNAs or to any other given class of eukaryotic HD proteins ( Figure 48 ). Nevertheless, conservation of specific amino acid positions is obvious and again predominates in the C-terminal half of the HD region. Apart from the HD region, PRHP and PRHA both contain a cysteine-rich stretch ( Figure 4C ) similar to the one identified in the HAT3.1 protein from Arabidopsis and designated plant homeodomain finger (PHD-finger; Schindler et al., 1993) . It is also present within Zmhoxla ( Figure 4C ; Bellmann and Werr, 1992) . As is the case for the HD region, a more pronounced conservation is found between the cysteine-rich domains of PRHP and HAT3.1 than to that of PRHA ( Figure 4C ).
In addition to the HD and PHD-finger region, Severa1 obvious structural features identified within the parsley and Arabidopsis proteins are marked in Figures 3A and 38 . They include putative nuclear localization sequences (indicated by dots) considered to be important for targeting of the proteins into the nucleus (Silver and Goodson, 1989; Varagona et al., 1992) ; acidic domains (underlined) thought to play a role as activators of transcription (Ptashne, 1988) ; and a short potential leucine zipper dimerization motif (single underlined leucine residues) present only in the PRHA protein. In addition, a strongly conserved fivefold repetition of a stretch of 27 amino acids is located near the C-terminal end of PRHA just before the leucine zipper motif ( Figure 38 , repeats 1 to 5). PRHP contains a direct repetition of a stretch of 147 amino acids encompassing three highly conse,ped small regions, designated a, b, and c ( Figure 3A, arrows) . Region c is present twice in each of the two larger stretches and contains a motif (shaded) that is highly conserved in mammalian high motility group I (HMG I) proteins and is sufficient for specific binding to the minor groove of AT-rich DNA regions (Reeves and Nissen, 1990) . Finally, partia1 sequence analysis implies that the 12 additional Arabidopsis cDNAs isolated represent shorter but sequenceidentical versions of the fulllength cDNA. 
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Flgure 3. Deduced Amino Acid Sequences of the Parsley and Arabidopsis DNA Binding Proteins.
(A) Amino acid sequence deduced from the near full-length parsley cDNA. The HD sequence is shown as a black box. Asterisks indicate the four invariant amino acids found in all non-yeast homeodomains (Scott et al., 1989) . The highly conserved Il-amino acid motifs, repeated four times in PRHP and found repeated three times in all mammalian HMG I proteins (Reeves and Nissen, 1990), are indicated by shading. A putative nuclear localization sequence (Silver and Goodson, 1989; is marked by dots, and acidic domains are underlined. Overhead arrows mark repeated amino acid stretches a, b, and c. A cysteine-rich domain highly similar to the PHD-finger (Schindler et al., 1993) is marked with a dashed line. (B) Amino acid sequence deduced from the near full-length Arabidopsis cDNA. The HD region, nuclear localization sequence, and acidic and cysteine-rich domains are marked as in (A). A fivefold repetition of a stretch of 27 amino acids is indicated by numbered arrows above the sequence. Individual leucine residues of the putative leucine zipper dimerization domain are underlined. The nucleotide sequences of PRHP and PRHA have been submitted to GenBank as accession numbers L21975 and L21991.
HD Region of PRHP Binds to DNA
One important criterion for the functionality of HDs is their ability to bind to DNA. A portion of the parsley cDNA containing the HD-encoding region, as well as the N-terminal 35 additional amino acids and the C-terminal50 amino acids, were cloned into a modified version of the prokaryotic expression vector pGEX-2T and overexpressed as a glutathione S-transferase (GST) fusion protein in Escherichia coli, and the purified fusion protein was analyzed for its ability to bind to oligomer I 1 in gel mobility shift assays. Two fusion constructs were made for overexpression. One construct contained the intact HD region (GST-HDWZ), whereas in the second construct, the four invariant amino acids, WF-N-R, of the HD region, shown to be critica1 for Antp and en HD binding (Laughon, 1991) , were mutated to FY-Q-K (GST-HDmUt). These mutations did not alter the highly basic charge of the HD region. As demonstrated in Figure 5A , complex formation with oligomer II was observed only with the GST-HDW fusion protein but not with the GST-HDmUt fusion protein, with the GST protein alone, or with control DH5a bacterial protein extracts. These results demonstrate that the HD region of PRHP functions as a DNA binding domain. Binding of the GST-HDWZ protein was also observed to oligomers 111, IV, and 11. 2 (data not shown), indicating that, under
in filter assays. This region included the HD, the repeats, and the leucine zipper. (A) The amino acid sequence of the HD region of PRHP is compared to the HD regions of HAT3.1 from Arabidopsis (Schindler et al., 1993) , Zmhoxla from maize (Bellmann and Werr, 1992) , and En and Ftz sequences from Drosophila (Laughon and Scott, 1984; Fjose et al., 1985; Poole et al., 1985) . Amino acids identical to those of PRHP are shown above the respective HD regions. The three a-helices determined for the En HD region (Kissinger et al., 1990) are indicated by broken lines. (B) The amino acid sequence of the HD region of PRHA is compared to corresponding regions from other recently identified Arabidopsis HD proteins (HAT3.1, Schindler etal., 1993; Athb-1, Rubertietal., 1991; Athb-3, Mattsson et al., 1992; HAT4 and HATS, Schena and Davis, 1992) , and to the HD regions of goosecoid (goosec.) from Xenopus (Blumberg et al., 1991) and of Eve from Drosophila (Macdonald et al., 1986) . Amino acids identical to those of PRHA are shown above the respective HD sequences. (C) Comparison of the cysteine-rich domains of PRHP and PRHA with thePHD-fingerof HAT3.1 (Schindler etal., 1993) . Identical amino acid positions are indicated by the vertical lines. Black boxes mark conserved cysteine and histidine residues that are also present in Zmhoxla (Bellmann and Werr, 1992) . Figure 5B, lane 1) was used. The more pronounced decrease in signal strength of the original retarded complex in comparison with the strength of the additional signal appearing as a supershift (Figure 56, lanes 2 and 3) is probably, at least in part, dueto competition of antibodies directed against the DNA binding site with oligomer II. Although the supershift signal was rather weak, it was highly reproducible in a number of experiments employing the antiserum. These results strongly suggest that PRHP is a component of the nuclear protein complex formed with oligomer II. We cannot, however, completely exclude the possibility that the antiserum crossreacts to some other parsley protein present in low concentrations in the nuclear extracts. 
PRHP Is Part of the
PRHP Binds to a Functionally lmportant Element within the pr2 Promoter
To test the functional importance of the PRHP target site, which is located between positions -111 and -101 within the pr2 promoter, the mutation that abolishes PRHP binding to the 11bp DNA motif was analyzed for its effect on gene expression in response to elicitor by transient expression in parsley protoplasts using 0-glucuronidase (GUS) as the reporter gene.
The motif was destroyed by a block mutation identical to the one present in oligomer 11. 2 ( Figure 2 ). As shown in Figure  6 , mutation of the element consistently resulted in an .u5Oo/o reduction of elicitor responsiveness, regardless of whether analyzed in the context of the -168 ( Figure 6 ; constructs pPR2-10 and pPR2-10mUf) or the -128 ( Figure 6 ; pPR2-16 and pPR2-lGmut) pr2 promoter. Even though the mutation also appears to partly influence basal expression levels, this effect was smaller and showed more variability than in the case of elicitorinduced gene expression. Thus, the data suggest that the 11bp PRHP binding site is an elicitor-responsive element that contributes, at least partly, to pr2 gene regulation. Furthermore, these experiments confirm and extend earlier results suggesting the existence of additional upstream and downstream responsive DNA elements ( Figure 6 , compare pPR2-10 with pPR2-16 and pPR2-11 with pPR2-13) within the -168 pr2 promoter fragment (van de Locht et al., 1990) .
Genomic Organization and Rates of Expression
Hybridization experiments using parsley and Arabidopsis genomic DNA, which was restricted with various endonucleases and probed with the respective cDNAs, revealed simple patterns, as shown in Figures 7A and 7B , suggesting that both genes are present in single-or low-copy number within the respective genomes. Expression of the parsley prhp and Arabidopsis prha genes was relatively low and not appreciably The functional significance of the 11-bp PRHP binding site for fungal elicitor responsiveness was analyzed employing truncated pr2 promoter fusions with the p-glucuronidase (GUS) reporter gene in transient expression assays using parsley protoplasts. Positions of the wild-type and the mutated binding sites within the constructs are indicated by closed and open boxes, respectively. Data on the right show the average GUS values from a minimum of eight independent protoplast transformations obtained with each construct. Positions of the putative CCAAT and TATA boxes and the pr2 translation start site are indicated above the constructs. Specific GUS activity, measured as the conversion rate of Cmethylumbelliferyl glucuronide to Cmethylumbelliferone (4-MU), was assayed in protein extracts from untreated (control) and 8-hr elicitor-treated (+elicitor) protoplasts. Rates of induction by elicitor for the various transformants are indicated along with the standard deviations.
affected by fungal elicitor treatment of the respective cells ( Figures 7C and 7D ). In the case of parsley, a transient decrease in PRHP mRNA amount was, however, consistently observed between 1 and 2 hr after the addition of elicitor to the cells.
DISCUSSION
We have isolated cDNAs representing HD proteins from parsley and Arabidopsis that specifically bind to one fungal elicitor-responsive DNA element of an established plant defense gene promoter. The presence of HD regions within these proteins strongly suggests that they act as transcriptional regulators. The maximal size of the target site encompasses the sequence 5'-CTAATTGTTTA-3', with the last four nucleotides being dispensable, at least for minimal protein binding. This sequence contains the common TAATNN core motif known to bind many HD proteins and, in the more specific form of TAATTG, to bind the engrailed (En), fushi tarazu, even-skipped, (Weisshaar et al., 1991; Trezzini et al., 1993) . and hepatocyte nuclear factor-1 classes of HD proteins (Desplan et al., 1988; Hoey and Levine, 1988; Odenwald et al., 1989; Pick et al., 1990; Mendel and Crabtree, 1991) . Although not analyzed in further detail, the tested block mutation, altering the sequence to TATCCA, had negative effects on both protein binding and elicitor responsiveness of the pr2 promoter, suggesting a functional role of the HD protein in the in vivo regulation of pr2 gene expression. This conclusion is further supported by the experiments demonstrating the presence of PRHP within the nuclear protein complex formed with the DNA element.
The observed 20-fold increase in elicitor-dependent transcription mediated by the -168 to -52 portion of the pr2 promoter appears to be due to the presence of at least three distinct c/s-regulatory motifs. Mutation of one of these motifs, the DNA element between positions -111 to -101 that is capable of binding PRHP, resulted in an approximately twofold decrease in elicitor responsiveness. One region further downstream, located between position -83 and -52, was identified previously (van de L6cht et al., 1990) and was found to mediate a four-to fivefold elicitor-dependent increase in expression. An additional upstream region, located between positions -168 and -128, became obvious in this study ( Figure 6 ; compare pPR2-10 and pPR2-10 mut with pPR2-16 and pPR2-16 mut ) and mediates a two-to threefold increase in gene expression upon elicitation along with significantly influencing basal expression levels. Thus, the full elicitor-mediated responsiveness of the -168 pr2 promoter is apparently due to the combinatorial effect of at least three important DNA elements, each of which influences elicitor-dependent gene expression only partly. No specific nuclear protein complexes were observed, however, in gel shift assays with oligonucleotides spanning these other regions. Nevertheless, it is reasonable to conclude from these results that additional protein factors do interact with these sites and contribute to the overall regulation of pr2 gene expression.
Inclusion of Arabidopsis in these studies was based on the fact that many of the defense-related genes identified in parsley are evolutionary conserved within the Arabidopsis genome and that expression of these genes in the two plant species shows similar time courses upon fungal or bacterial elicitation both in cell cultures and in leaves (Schmelzer et al., 1989; Kiedrowski et al., 1992; Trezzini et al., 1993) . Therefore, we found it reasonable to assume that both plants share some common regulatory mechanisms involved in defense gene activation. As Arabidopsis is so amenable to genetic analyses, isolation of the PRHA gene may provide us with an entry point into further investigations involving defense gene activation in this plant species.
Measurements of steady state mRNA levels and gel retardation experiments revealed no apparent differences in the amounts of protein-DNA complexes formed using nuclear extracts from either untreated or elicited cells. We conclude from these data that PRHP and PRHA are present constitutively at low levels in parsley and Arabidopsis, respectively. Similar results have been obtained with other DNA binding proteins (LamandChua, 1990; Weisshaar etal., 1991) . Possible explanations include the requirement of additional proteins, acting either as repressers in untreated cells or as activators in elicited cells. Indeed, as demonstrated with transient assays using PR2 promoter deletions ( Figure 6) , additional elicitor-responsive elements are present in the vicinity of the TAATTG motif that may interact with such activators. Alternatively, or in addition, elicitordependent modification(s) of PRHP not directly affecting DNA binding can be envisaged, for example, as proposed for the constitutively expressed tobacco GT-1a and the role of its target site in the specific, light-mediated activation of transcription (Lam and Chua, 1990; Gilmartin et al., 1992) .
The predicted secondary structure of eukaryotic HD regions, with three characteristic a-helices, classifies them as members of the group of DNA binding proteins containing helix-turn-helix motifs. The HD regions of PRHP and PRHA seem to possess largely similar secondary structures, except that no clear prediction for a helix 3 could be made for PRHP. However, this region does not contain any helix-disrupting amino acids, such as proline or glycine. X-ray crystallography has identified a number of amino acid residues within the en HD region that are important for specific DNA base and sugar-phosphate contacts (Kissinger et al., 1990) . The majority of these amino acids are either present as such or replaced by conservative amino acid exchanges in the HD regions of PRHP, as shown in Figure 8 , and PRHA. Likewise, most of the hydrophobic amino acid residues within the three helices that participate in the establishment of the tertiary structure required for en and antp HD-DNA contacts Kissinger et al., 1990; Otting et al., 1990) are present in PRHP and PRHA, suggesting a similar, direct mode of interaction of these proteins with their DNA target sites.
In many cases, sequence-specific binding of HD proteins is determined by additional amino acid stretches outside of the HD region (Laughon, 1991) . The original, near full-length parsley and Arabidopsis cDNAs expressed complete proteins showing sequence-specific DNA binding. In contrast, no specificity of binding was observed with a GST-fusion protein containing the PRHP HD region and 85 additional N-and C-terminal amino acids. Attempts to identify additional determinants for specificity by overexpressing various regions of the parsley protein in combination with gel mobility shift assays were unsuccessful. All GST-fusion constructs harboring larger fragments of the parsley cDNA were either extremely detrimental to bacterial growth and morphology, or the plasmids were lost. One prime candidate for determining specificity is the 11-amino acid peptide motif, T/AGKRG/S RGRPRK, that is present four times in the N-terminal part of PRHP. This highly conserved motif, termed A-T hook, occurs three times in all known mammalian HMG I proteins (Reeves and Nissen, 1990) and was recently shown to be necessary and sufficient for selective binding to the minor groove of AT-rich DNA regions. In this respect, it is noteworthy that two amino acids (Arg-3 or Lys-3 and Argd), which are almost invariant in most HDs and are known to stabilize DNA binding of the en HD region by contacting TI and A2 of the core motif T1A2A3T4NN in the minor groove (Kissinger et al., 1990; Laughon, 1991) , are missing at the N terminus of the HD of PRHP (Figure 8 ). Therefore, it is intriguing to speculate that the 11-amino acid motif compensates for, and fulfills, N-terminal functions of the HD region lacking in PRHP. The functional role of such a motif in plants was recently demonstrated for a DNA binding protein from rice (positive factor 1; PF1) in its interaction with a defined AT-rich element within the oat phytochrome A3 promoter (Nieto-Sotelo et al., 1994) .
Another possible region that could contribute to DNA binding is the cysteine-rich motif. The presence of this novel cysteine-rich motif in a number of diverse proteins thought to interact with DNA was recently noted by Freemont et al. (1991) . The motif resembles the well-known zinc finger motifs (Berg, 1990) but differs distinctly in the spacing between cysteine-cysteine/histidine pairs. Experiments performed with GST-HAT3.1 fusion proteins suggest a possible requirement for the cysteinerich motif for DNA binding (Schindler et al., 1993) . However, the Zmhoxla HD lacking this motif was nevertheless capable of interacting with DNA(Bel1mann and Werr, 1992) . In the PRHA Arabidopsis protein, the cysteine-rich region is not required because five of the 12 clones containing partial-length cDNAs lacking this domain showed sequence-specific binding to oligomer II in the filter binding assays. Therefore, this motif is more likely to participate in forming structures involved in specific protein-protein interaction than in contacting DNA directly.
In the case of PRHA, partia1 sequence analysis of the 12 cDNAs confirmed their sequence identity with corresponding parts of the full-length cDNA, in agreement with the data suggesting that the gene is present as a single copy within the Arabidopsis genome. An important conclusion drawn from this analysis is that the C-terminal381 amino acids of the protein are sufficient for sequence-specific DNA binding. In addition to the HD, this region contains a fivefold repetition of a novel peptide region and a leucine zipper dimerization domain . PRHA clearly differs from other recently isolated Arabidopsis cDNAs encoding HD-leucine zipper proteins (Ruberti et al., 1991; Mattsson et al., 1992; Schena and Davis, 1992) . The leucine zipper region within PRHA is not located directly adjacent to the C terminus of the HD, but the two regions are separated by some 225 amino acids. The HD of PRPA shares an equally distant amino acid sequence relationship (23 to 34% identity; 41 to 52% similarity) with other Arabidopsis HD proteins and with various other classes of eukaryotic HD proteins (Figure 4 ). This degree of similarity is Vertical lines between the En (Laughon and Scott, 1984; Poole et al., 1985) and PRHP sequences indicate identical amino acids, whereas conservative amino acid exchanges are marked by colons. Positions corresponding to the hydrophobic core (H), base contact (E), and phosphate contact (P) amino acids of the En and Antp structures are indicated directly above the En sequence. The three a-helices determined for the en HD region (Kissinger et al., 1990; Laughon, 1991) are also shown. Amino acid positions are indicated by numbers above the sequence data. often found among members of distinct HD protein classes, for example, in Drosophila (Scott et al., 1989) . HD proteins represent an ancient, evolutionarily highly conserved class of factors regulating cell differentiation within specific developmental programs (Hayashi and Scott, 1990; Laughon, 1991) . Recently, genes encoding HD-containing developmental regulators have been identified in plants, but nothing is known about the target genes they control (Vollbrecht et al., 1991; Schena et al., 1993; Sinha et al., 1993) . Many defense-related plant genes are under additional tissue-specific and developmental control (Dixon and Lamb, 1990; Eyal and Fluhr, 1991; Cutt and Klessig, 1992) . This is also true for genes encoding the ubiquitous class of intracellular PR proteins to which the parsleyprl andpf2 genes belong. In diverse plant species, PR protein and mRNA expression has been detected not only within pathogen infection sites (Somssich et al., 1988; Warner et al., 1993) , but also in the cortical cells of healthy roots, in mature pollen, during late stages of embryogenesis, in floral tissue, and upon wounding (Breiteneder et al., 1989; Barratt and Clark, 1991; Crowell et al., 1992; Wu and Hahlbrock, 1992; Warner et al., 1993) . At present, it is not known whether discrete cis-acting elements respond to the different developmental and environmental cues or whether single or overlapping DNA mctifs bind multiple regulatory factors, for example, as postulated for the parsley phenylalanine ammonia-lyase 1 @a/l) gene (Lois et al., 1989) and the bean pa12 gene (Leyva et al., 1992) . It is conceivable that parts of the signal transduction pathways that are also involved in tissue-specific and developmental regulation are integrated in the signaling network utilized for the transcriptional activation of plant defense genes. Developmental regulators such as HD proteins may, by interacting with protein factors resulting from induction or modification upon pathogen infection, activate or modulate the transcription of specific combinations of genes. Alternatively, the genes encoding PRHP and PRHA may have evolved such that they no longer play a role in developmental processes.
METHODS
Cell and Protoplast Cultures
Cell suspension cultures of parsley (ktroselinum crispum) and Arabidopsis (Arabidopsis tbaliana, ecotype Columbia: Trezzini et al., 1993) were grown in the dark in modified 85 (Kombrink and Hahlbrock, 1986) and in Murashige and Skoog (1962) media, respectively. Cells were treated with 50 pg/mL elicitor derived from the phytopathogenic fungus Phymphthora megasperma fungal sp glFinea (Ayers et al., 1976) and were used 5 to 6 days after subculturing for the isolation of protoplasts (Dangl et al., 1987) .
Preparation of Nuclear ExtractdGel Retardatlon Experiments
Crude nuclear extracts were prepared according to Schweizer et al. (1989) , with modifications as described by Armstrong et al. (1992) .
Synthetic single-strand oligonucleotides were annealed and radioactively labeled by filling in the overhanging Sal1 sites using the Klenow fragment of DNA polymerase I and cPP-dATP and a-=P-dGTI? Reaction mixtures contained 2 ng of labeled oligonucleotides, 1.2 pg of sheared salmon sperm DNA, 4 vg of nuclear protein extract and, if indicated, 100 ng of unlabeled oligonucleotides in a total volume of 12 pL of 20 mM Tris-HCI, pH 8.0, 5 mM MgCI2, 25 mM (NH&S04, 7% (v/v) glycerol, and 0.1% Q-mercaptoethanol. Reactions were started by addition of nuclear proteins and incubated for 15 min at room temperature. Reaction mixtures were subsequently loaded on 5% polyacrylamide gels (19:l acry1amide:N-N'-bisacrylamide) and run in 0.5 x Tris-borate-EDTA (TBE) buffer at room temperatura for 2 to 3 hr at 10 Vlcm. Gels were dried in a vacuum gel dryer on Whatman No. 3MM paper and exposed overnight for autoradiography.
Binding of the expressed fusion proteins was achieved using 100 to 500 ng of affinity-purified protein, 200 pg of labeled probe, and 120 ng of sheared salmon sperm DNA (600-fold molar excess) in a total volume of 20 pL of 25 mM Hepes, pH 7.4, 4 mM KCI; 5 mM MgCI,, 1 mM EDTA, and 7% glycerol for 15 min at room temperature. Reaction mixtures were loaded on 6% polyacrylamide gel(38:2 acrylamide to N-N'-bisacrylamide) and run in 0.5 x TBE buffer. For the supershift experiments, the fusion protein was replaced by nuclear extracts (1 to 2 pg) that had previously been incubated with 1 NL antiserum for 15 min at room temperature.
Polyclonal antibodies raised against the glutathione S-transferase (GST) wild-type (wr) PRHP homeodomain (HD) (GST-HDw) fusion protein were prepared as described by Sambrook et al. (1989) .
Constructlon and Screening of Expression Libraries
Poly(A)+ RNA derived from parsley or Arabidopsis cells treated for 05, 1.5. and 3 hr with fungal elicitor was enriched through two rounds on oligo(dT) columns (Pharmacia). The phage hzAPll libraries were constructed using the uniZAP cDNA cloning kit with an oligo(dT) primer (Stratagene) following the instructions of the manufacturer. The resulting libraries contained -3 x 106 (parsley) and 2.5 x 106 (Arabidopsis) independent clones (plaque forming units).
The expression libraries were screened basically as described by Singh et al. (1989) . Approximately 600,000 plaque forming units each of the two nonamplified libraries were plated, expression was induced by addition of 10 mM isopropyl-P-o-thiogalactopyranoside, and nitrocellulose replica filters were screened with labeled DNA either directly or after addition of a denaturationlrenaturation step (Vinson et al., 1988) . lncubation was for 4 hr at 4OC in binding buffer (25 mM Hepes, pH 7.4, 4 mM KCI, 5 mM MgCI2, 1 mM €MA, 7% glycerol, 0.5 mM MT) supplemented with 5 pg/mL salmon sperm DNA, 0.25% nonfat milk powder, and O5 pg of each radiolabeled DNA probe. Filters were washed two to three times at 4OC with binding buffer containing 0.25% nonfat milk powder and subjected to autoradiography. Positive clones were carried through three rounds of purification and subsequently tested for sequence-specific binding using the individual DNA probes. The probes were prepared by sticky-end ligation of double-stranded oligonucleotides purified by electrophoresis on a 12% polyacrylamide gel (Sambrook et al., 1989) and subsequent labeling with a nick translation kit (Boehringer Mannheim) using four radioactive nucleotides. This resulted in probes with specific activities >1 x 108 cpmlvg DNA. cDNA inserts of the plaque-purified phages were recovered as "phagemid" using the ExAssist Helper Phage/SOLR system (Stratagene).
Plasmid Constructlons
All plasmid constructs used for transient expression experiments in parsley protoplasts were translational fusions of the parsley pathogenesis-related protein 2 @r2) promoter to the bacterial glucuronidase (GUS) reporter gene contained in the base vector pUC9 (Jefferson, 1987; van de Locht et al., 1990) . The previously reported constructs pPR2-10, pPR2-11, and pPR2-13 contained thepr2 promoter with their 5'end points at positions -168, -108, and -52, respectively. The -168 promoter region is both necessary and sufficient to confer fungal elicitor responsiveness on the reporter gene (van de Locht et al., 1990) . The pPR2-10mUt and ~P R 2 -1 6~~ constructs carrying the mutated binding site in the context of the -168 and -128 PR2 promoters ( Figure  7) were generated by site-directed mutagenesis according to Kramer et ai. (1984) .
The GST-HDM expression plasmid was constructed using a modified version of the prokaryotic expression vector pGEX-2T (Pharmacia LKB; Kawalleck et al., 1993) . A 435-bp fragment of PRHP from parsley comprising the homeobox and 252 additicnal base pairs was amplified by the polymerase chain reaction (PCR) using oligonucleotide primer 1 containing an internal BamHl restriction site (5'-GCG-AGAGGATCCACTCATAATAGG-33 in combination with primer 2 having an internal Kpnl restriction site (5'-CCTTCTGTGGTACCAAGGC-3'). The PCR product was subsequently digested with BamHl and Kpnl and cloned into the vector, resulting in an in-frame fusion of 145 amino acids of the PRHP protein with the GST protein. Construction of the GST-HDmUt expression plasmid, containing a mutation of the four invariant amino acids WFN-R of the HD region to FY-Q-K, was achieved by site-directed mutagenesis using PCR according to Landt et al. (1990) .
Briefly, PCR was performed using primer 2 and an internal mutagenic primer (5'-CCGACAGGTTAGCAACTTCTATAATCAAAGAAAGEGAGC-TTTCGC-3'). The PCR product was isolated from an agarose gel and ised in combination with primer 1 in a second PCR step. The muated fragment was digested with BamHl and Kpnl and cloned into ie pGEX-2T vector. Sequence fidelity of all constructs was confirmed -j sequencing. All plasmids were amplified in the bacterial strain DH5a and purified by the clear-lysate procedure and banded twice through CsCl gradients. Plasmid DNAs used for transient expression studies in parsley protoplasts were subsequently amplified in the bacterial strain GM2163 (Tovar Torres et al., 1993) .
Expression of GST-HD Fusion Pmtein in E. coli
GST fusion protein was expressed and purified essentially as described by Smith and Johnson (1988) . Fresh overnight cultures of Escherichia coli (DH5a). transformed either with the GST-HD plasmid or with the vector (GST) alone, were diluted 1300 in Luria-Bertani medium containing 50 mglmL ampicillin and grown at 37% to an ODm of -0.6. Isopropyl-P-D-thiogalactopyranoside was added to a final concentration of 2 mM, and the bacteria were harvested 5 hr thereafter. For the analysis of total bacterial proteins, aliquots were pelleted in a microcentrifuge, boiled in SDS-lysis buffer (0.1 M Tris-HCI, pH 6.8, 1.6 [vhr] glycerol, 0.008% bromphenol blue, 4 mM EMA, 10 mM DTT, 3% [whr] SDS) for 3 min at 95OC and separated on a 10% SDS-polyacrylamide gel. Proteins were visualized by Coomassie Brilliant Blue staining.
For fusion protein recovery, bacterial cultures were pelleted by centrifugation at 45009 for 10 min at 4OC, resuspended in PBS buffer (150 mM NaCI, 16 mM Na2HP04, 4 mM NaH2P04, pH 7.3). The bacteria were incubated with lysozyme (1 mglmL) for 1 hr on ice and then lysed by mild sonication (100 W, 10 x 15 sec). The protein was contained in inclusion bodies that were pelleted by centrifugation (l O,OOOg, 15 min, at 4OC). Solubilization of the protein was achieved by a denaturationlrenaturation step; the inclusion bodies were incubated in 6 M guanidinium HCI-PBS buffer for 2 hr on ice. The soluble protein fraction was separated by centrifugation (10 min, 15,0009, 4OC) and renatured during dialysis against PBS buffer containing 1% Triton X-100. The fusion protein was purified by affinity chromatography using glutathione-sepharose columns according to the protocol supplied by the manufacturer (Pharmacia).
Poiymerase Chaln Reaction
PCR was performed in 100-pL volumes in a PHC-2 DNA Thermocycler (Techne, Cambridge, UK), using Taq polymerase (Perkin-Elmerl Cetus). Fifty nanograms of DNA template was used in reactions containing 50 mM KCI, 100 mM Tris-HCI, pH 8.3, 1.5 mM MgC12, 0.1% glycerol (wlv), 0.2 mM of each deoxynucleotide triphosphate, 1 mM of each primer, and 2.5 units Tag polymerase. Amplification was performed in 30 cycles as follows: 1 min at 94OC, 1 min at 5OoC, and 2 min at 74OC. Reaction products were analyzed on lO/o agarose gels.
Translent Expression Assays
Linearized plasmid DNA (10 to 20 pg/106 protoplasts) was transferred into freshly prepared protoplasts using the polyethylene glycol method (Krens et al., 1982; Hain et al., 1985; van de Locht et al., 1990) . Each transfection assay of 2 x 106 protoplasts was split and placed on two 3-mL plates, one kept untreated for 8 hr, the other treated for 8 hr with fungal elicitor (50 pglmL). Protoplasts were collected by centrifugation, frozen in liquid nitrogen, crude protein extracts prepared, and GUS activity assayed (Jefferson et al., 1986 . Bradford assays (Bio-Rad München, Germany) were used for protein determinations.
FINA lsolation and Biot Hybridizatlon
Total RNA from parsley or Arabidopsis cell cultures was prepared according to Lois et al. (1989) . Twenty micrograms per lane of total FINA was denatured and separated on formaldehyde-agarose gels. Conditions for denaturing, electrophoresis, and capillary blotting were as described by Sambrook et al. (1989) . The RNA was transferred to Hybond-N nylon membranes (Amersham, Buchler Braunschweig, Germany) and cross-linked by irradiation with UV light. Prehybridization and hybridization conditions were as previously reported by Kawalleck et al. (1992) . The cDNA probes were 32P-labeled by random priming (Feinberg and Vogelstein, 1983) .
DNA lsolation and Blot Hybridization
Genomic parsley DNA was isolated from cultured cells according to Murray and Thompson (1980) . Genomic Arabidopsis (ecotype Columbia) DNA was extracted from leaf material using a modified version of the procedure described by Steinmüller and Apel(1986) . Ten micrograms per lane of DNA was digested with appropriate endonucleases, separated on 0.8% agarose gels, and transferred to Hybond-N nylon membranes. Hybridization and washing were as described by Kawalleck et al. (1992) .
Nucleotlde Sequence Analysis
The dideoxy chain termination method was used for double-strand DNA sequencing (Sangeret al., 1977; Chen and Seeburg, 1985) . The reaction was performed using a T7 sequencing kit (Pharmacia, Freiburg, Germany) and specific synthetic primem. Comparative sequences were obtained from published reports or from the National Biomedical Research Foundation protein data base ,(Relesse 3/90). Sequence compilation and analysis were performed using the University of Wisconsin GCG software package, version 6.2 (Devereux et al., 1984) .
